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INTRODUCTION
During recent years, considerable emphasis has been placed upon the development and application of higher strength materials. One of the most promising of the variety of materials developed in the past few years is the 18^ Ni-Mo-Co maraging series of steels which has attained usable strength levels approaching 300,000 psi in large sections. Considerable data have been developed concerning the mechanical properties of this alloy. However, as compared to the wealth of data available for quenched and tempered type low and intermediate strength steels 2, 3 In this current investigation, the fatigue characteristics of the 250 and 300 type maraging steels as compared tr an intermediate strength quenched and tempered 4330 alloy is examined in the range of 10 3 -10 5 cycles to failure. The effects of primary structu-'e, strength level and aging conditions on fatigue properties is examined and the results compared to measured ductility and toughness characteristics for possible correlation.
EXPERIMENTAL PROCEDURE
Materials
The specimens of 250 and 300 grade maraging steel were obtained from transverse sections of 6 inch square forgings. Two different heats of each material were used. All material was consumable vacuum melted. The chemical analyses of the four heats are given in Tables la and lb along with that of the material utilized in References 5, 6 and 7. Considerable difference in structure existed between the A and B heats of the 250 and 300 grade materials utilized. The B heats of both the 250 and 300 grades of maraging steel contained a severely "banded" structure as shown in Figure la . This is caused by a concentration gradient within the melt as the steel solidifies into the ingot. Subsequent hot forming operations extend the defects along the longitudinal axis of the billet. The structure consists of large elongated grains with stringer-like inclusions within the bands as shown in Figure lb . For comparison the microstructure of heat A is shown in Figure 2a . The banding is much less severe and has nearly equi-axed grains as can be observed in Figure 2b . Table 2c .
Spaciman Configuration
Hcdified Krouse rotating beam type specimens were used in this study. The dimensions are shown in Figures 3 and 4 . The notched tensile specimen dimensions are shown in Figure 5 . The geometrical configurations to provide theoretical stress concentration factors of 3 and 5 in tension and pure bending were taken from Neuber's work 10 . Dimensional tolerances for all of the notched specimens were checked using an optical comparator having a 50X magnification.
Tost Procedure
The fatigue tests were conducted on two Krouse rotating beam machines which were modified with gear reducers to reduce the cyclic rate from 10,000 cpm to 200 cpm. In this type of test, the specimen is loaded in 4 point bending which produced a constant bending moment across the gage section. The nominal bending stresses at the outer fibers of the specimen were computed from the standard engineering flexural formula. Since the assumption of a linear stress variation from the neutral axis to the surface is violated. some of the stresses to give lives in the low cycles region are only approximately correct. In using this equation effects of the notches on the stresses were not taken into consideration and Ibt stresses were calculated as though the stress raiser was not present.
The present experiments were run at 200 cpm in order to minimize temperature effects and to facilitate a reasonable length of time for the life of the specimen. Since the weights are placed on the pans after the machine is rotating, too great a testing speed would result in the time of loading to total time of life ratio to be disproportionate for the high stress-low cyclic life region.
Another point that should be considered in choosing a cyclic rate in the low cycle region is the possibility of strain aging due to hysteretic heating. Self heating due to hysteresis can produce temperatures of 300-400 0 F which can significantly alter the behavior of the specimen. relative to low carbon steels and tantalum.
The strain rate effect due to a wide range in cyclic frequency is another variable which may significantly influence fatigue results. This is pointed out in papers by Benham 13 , Shabalin 1 *, Yamane and Sudo 15 , and Dolan 16 . The influence of cyclic rate is much more apparent for notched specimens where the strains and consequently strain rates may become very large in the root of the notch.
RESULTS AND DISCUSSION
The mechanical properties of the maraging and 4330 steels in various heat-treated conditions are listed in Tables 2a, 2b and 2c. It is to be noted that only a single heat treatment is reconmended for obtaining optimum properties for both the 250 and 300 type maraging rr^terial. This consisted of solution treatment at 1500 o F for 1 hour and aging at 900 o F.
However, underaging treatments were carried out on both the 250 and 300 maraging material as well as an overaging on one series of specimens of the 300 type material in order to determine what effect this would have on standard mechanical properties and fatigue characteristics. Tables 2a and 2b show that overaging and underaging lowers the strength and slightly enhances ductility and toughness for both grades of steel. It can also be noted that the ductility and toughness of the under-and overaged is at some fraction of the measured macroscopic yield stress. Thus, a material with a low yield to tensile strength ratio might exhibit lower fatigue propties at equivalent strength levels than a material with a high ratio. It can also be observed from these figure3 that wide variations in ductility, and toughness, due to structure and heat treatment do not manifest themselves in significant differences in smooth fatigue properties for materials at approximately the same strength level. The exception to this is the highest strength 433«J material. Examination of Figure 11 for the 250 grade steel reveals two significant points. First, underaging has a large effect upon notch sensitivity. The second interesting point shown in Figure 11 is that the material of heat A^i and ß' G^, although having approximately a 50% difference in ductility and toughness at the same strength level and aging conditions, has effectively the same notch sensitivity. This is in contrast to what one would generally expect considering the severe segregation (banding) in the B heat material and the fact that the specimens were oriented in the billet so as to maximize any effects of the banded structure.
The results for the 300 grade maraging steel, as shown in Figure 12 , are effectively the same as for the 250 grade. Slight underaging' ' at 800 o F slightly decreases notch sensitivity whereas severe underaging' ' at 760 o F drastically increases notch sensitivity. It should be noted that the 300 material underaged at 800
O F' C ' has effectively the same notch sensitivity as the optimum aged 250 grade which has a comparable strength level even though the ductility and toughness of the former is considerably less. However, the notch sensitivity of the severely underaged 300 grade* ' is much greater than the slightly underaged 250 grade'"' material at an equivalent strength level. Overaging of the 300 grade* ' yields notch sensitivity f characteristics comparable to the slightly underaged^ ' which has nearly the same strength and ductility. Due to differences in strength level, it is not possible to directly compare the lower ductility banded B heat material with that of the A heat. However, the trend is the same as in the case of the 250 grade, i.e. the notch sensitivity is not affected by the severe banding characteristic of the B heat material.
In summary then, the notch sensitivity in fatigue as defined by K { of the maraging steels is highly dependent upon aging conditions, i.e. the degree of aging with no measurable dependence upon severe microstructural differences associated with processing. Underaging to reduce strength and enhance ductility can severely increase notch sensitivity. Very slight under-or overaging resulting in small decreases in strength have only a slight effect upon notch sensitivity as compared to the material given an optimum aging treatment.
Fatigue notched reduction factors for the 4330 modified steel are shown in Figure 13 . In contrast to the maraging steel, notch sensitivity increases more or less systematically with increase in strength. The notch sensitivity of the 261,300 tensile strength material^ ' is approximately the same as that for the maraging steels at the same strength levul. How, ever, as was shown in Figure 9a , the smooth fatigue properties of this alloy were far below those of the other materials in the same strength range. In reality then, it Las a higher notch sensitivity than maraging steels of equivalent strength.
One may question whether fatigue properties may be related to ductility and toughness in view of the insensitivity to structure and sensitivity to aging treatment as related to notched fatigue behavior. In a very early work by Moore and Kommers 19 , it was shown that no correlation existed between ductility as measured by percent elongation and percent reduction in area and fatigue strength in the high cycle region. Very recent work reported by Manson 2 indicated no correlation could be found between uniaxial fatigue data and charpy impact toughness for a 410 stainless steel which had been heat treated to give nearly identical tensile properties. the various points appear to somewhat cluster for each of the three different steels, it can be observed no direct correlation exists between notch fatigue behavior in rotating bending and the engineering properties associated with ductility and toughness.
CONCLUSIONS
The following conclusions appear evident from the results of this study.
1. Fatigue behavior is effectively proportional to the ultimate strength for smooth specimens of three different steels having large variations in structure and strength level. An exception to this occurs for the highest strength 4330 material.
2, Notched fatigue behavior, expressed by notch strength reduction factor, is independent of ductility, notched tensile strength, and toughness.
3. Underaging can drastically impair the notched fatigue behavior of the maraging steels.
4, Microstructural segregation in the form of banding in the maraging steels showed no detrimental effect on the smooth or notched fatigue properties even though the ductility and toughness are greatly reduced as compared to the "unbanded" material. i *The correlation coefficients for all of the data sets are statistically significant at both the 95% and 99% confidence levels.
• ♦ Number of specimens. 
